Faithful segregation of homologous chromosomes at meiosis requires pairing and recombination. In taxa 18 with dimorphic sex chromosomes, pairing between them in the heterogametic sex is limited to a narrow inter-19 val of residual sequence homology known as the pseudoautosomal region (PAR). Failure to form the obligate 20 crossover in the PAR is associated with male infertility in house mice (Mus musculus) and humans. Yet despite 21 this apparent functional constraint, the boundary and organization of the PAR is highly variable in mammals, 22 and even between subspecies of mice. Here we estimate the genetic map in a previously-documented ex-23 pansion of the PAR in the Mus musculus castaneus subspecies and show that the local recombination rate is 24 100-fold higher than the autosomal background. We identify an independent shift in the PAR boundary in the 25 Mus musculus musculus subspecies and show that it involves a complex rearrangement but still recombines in 26 heterozygous males. Finally, we demonstrate pervasive copy-number variation at the PAR boundary in wild 27 populations of M. m. domesticus, M. m. musculus and M. m. castaneus. Our results suggest that the intensity of 28 recombination activity in the PAR, coupled with relatively weak constraints on its sequence, permit the genera-29 tion and maintenance in the population of unusual levels of polymorphism of unknown functional significance. 30 31
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only a handful of organisms, due in large part to the challenges of assembling repeat-and GC-rich sequences. Figure 5 : Proposed organization of the PWK/PhJ Y-linked duplication. X-linked segments involved in the duplication are shown in their position in C57BL/6J (mm10 assembly) in the top panel. Breakpoint coordinates and selected annotations are shown in the middle panel. The bottom panel shows alignments of breakpointspanning contigs to the PWK/PhJ X chromosome (which is near-identical to C57BL/6J), along with one possible reconstruction of the Y chromosome consistent with copy-number and alignment constraints. d XY , absolute sequence divergence between X-and Y-linked copies of PAR. number 1 (PAE_033_HG_E_518) has reverted to homozygosity across the entire region. We conclude that this 190 individual represents a de novo loss of the PWK/PhJ Y-linked copy of the duplicated sequence. Further sup-191 port for the de novo loss is provided by the absence of aberrantly-oriented read alignments at the boundaries of 192 the allele in PAE_033_HG_E_518 but not the male recombinant ( Figure S3 ). The recombination fraction in the 193 duplicated region in this cross, excluding the individual with the de novo loss, is 2/85 (2.4%) in 28 kb, for an 194 estimated recombination rate of 84 cM/Mb. The duplication is thus a bona fide extension of the PAR. 
Origin of the extended pseudoautosomal region in PWK/PhJ
196 Free recombination is difficult to reconcile with the divergence between the X-and Y-linked copies in PWK/PhJ.
197
The two haplotypes differ at 84 sites in 14 kb (0.60%), within the range expected for autosomal sequences from heterozygous between a musculusand a domesticus-like haplotype, fall in between the two subspecies-specific 210 clusters. Recombinant N2 progeny lie between the heterozygote and homozygote clusters. The sequence in the 211 PWK/PhJ extended PAR appears to be of M. m. musculus origin.
212
When did the duplication occur? If it occurred during the establishment of the PWK/PhJ line, it must have been early in the inbreeding process, before the distal X chromosome was fixed for a domesticus haplotype. We examined read alignments from wild-caught M. m. musculus and identified a male from the Czech Republic in PWK/PhJ. Although we cannot exclude the possibility of recurrent mutation, the most parsimonious expla-218 nation is that the duplication in PWK/PhJ is segregating at moderate frequencies in wild populations of M. m. the X-and Y-encoded copies of the PAR. To characterize patterns of differential splicing, we also aligned reads 229 to the mm10 reference genome after masking the Y-encoded copy of the PAR to avoid mapping artifacts (since 230 the PAR is the only locus that deviates from the conventional haploid representation in the reference genome).
231
Expression of Mid1 is 11.2-fold higher when at least one CAST/EiJ haplotype is present (95% CI 7.5 − 16.7, 232 adjusted p = 9 × 10 −20 ), and there is no difference between males and females (1.2-fold higher expression in 233 females, 95% CI 0.8 − 1.6, adjusted p = 0.94) ( Figure 8A ). In reciprocal F1 hybrids between CAST/EiJ and either 234 PWK/PhJ or WSB/EiJ, there is no apparent effect of maternal versus paternal inheritance of the CAST/EiJ 235 haplotype on Mid1 expression (1.3-fold higher when maternally-inherited, 95% CI 0.8 − 2.1, adjusted p = 0.49).
236
Next we used known sequence variants to assign reads to parental haplotypes and examined coverage on 100, 000 reads aligned in the Mid1 locus in that strain. Although we observed hundreds of reads originating 248 from exons 6-10 in CAST/EiJ ( Figure 8B ), none had spliced alignments across the junction between exons 5 249 and 6, nor between 7 and 8. Several CAST/EiJ isoforms have a 3' extension of exon 4 and a 5' extension of 250 exon 5 (grey highlighted box in Figure 8D ); the coding potential of these isoforms is uncertain. The difficulty 251 of assembling full-length transcripts in CAST/EiJ may be due to mapping artifacts if the organization of this 252 portion of the PAR is divergent from the reference genome. Moreover, it is difficult to assess the accuracy of our 253 transcript assembly in the presence of abundant copy-number variation of segments that include exons 4-10 254 (next section).
255
Extreme structural diversity at the pseudoautosomal boundary 256 Inspection of sequencing data from 67 wild mice revealed abundant copy-number variation in the 1 Mb ad-257 jacent to the PAR boundary as well as within the canonical PAR itself ( Figure 9A , Figure S5 ). Nominal copy 258 number varies from zero to more than 20 for some segments, and individual mice may have 4 or more distinct 259 copy-number states across the region. As for the PWK/PhJ allele, we sought to identify breakpoints of copy 
264
Their spatial distribution appears non-random: their density seems to decrease moving outward from the PAR 265 boundary ( Figure 9B , File S9). However, tests for enrichment of breakpoints in proximity to exons and repeti-266 tive elements in the reference genome, and known recombination hotspots, all returned null results (cf. Figure   267 9C-E). The density of repetitive elements in the 500 kb of sequence proximal to the pseudoautosomal boundary 268 (42.8%) is not different than the subtelomeric regions of the autosomes (mean 42.0%, standard deviation 10.2%).
269
The previously-described~466 kb expansion of the PAR in the CAST/EiJ strain (White et al. Both males and females have the expected copy number for the X chromosome in the vicinity of the PAR boundary ( Figure S6 ). Within the most proximal region of the canonical PAR, from the PAR boundary to just past the eight exon of Mid1 (chrX: 169986134), outgroup samples of both sexes have the copy number expected fore most likely were single-copy in the common Mus ancestor. Using breakpoint-spanning reads to uniquely identify structural alleles, we find at least 32 alleles in a sample of 67 mice. None of them are shared across sub-311 species. The unusual level of standing variation suggests that the mutation rate near the PAR boundary is quite 312 high. Indeed, we recover a de novo deletion on the PWK/PhJ Y haplotype in a sample of only 86 mice, for an 313 estimated mutation rate of 1.2% per generation (95% Poisson CI 0.066% − 5.1%). To our surprise, none of these 314 rearrangements seem to prevent robust expression of an essential gene (Mid1) 
322
It follows that these sequence features (such as elevated GC content) are indeed a consequence rather than 323 a cause of the PAR's high recombination rate in males. A summary of the major evolutionary events at the 324 pseudoautosomal boundary in Mus is provided in Figure 10 .
325
What could account for de novo X-Y exchanges in the absence of homology to promote pairing? One possi-326 bility is that the duplications happen through a mechanism such as non-homologous end joining. Another is 327 ectopic recombination mediated by repetitive sequences such as transposon fragments (see Figure 5 ) or satel-328 lites. This is the mechanism for the human PAR1 extension present in some populations of European ancestry 
335
Our findings support the notion that while the requirement for X-Y pairing in the first meiotic prophase is 336 strictly enforced, the degree of structural homology in the PAR necessary to achieve pairing is relatively weak in 337 mice. It has been known for several decades that failure to pair the sex chromosomes is associated with meiotic 338 arrest in inter-specific (Matsuda et al. 1992; Hale et al. 1993 ) and inter-subspecific mouse hybrids (Forejt 1996) .
339
The unpaired sex chromosomes do not undergo meiotic sex-chromosome inactivation, and misexpression of colonies. Given these observations and the number of segregating PAR-boundary alleles we observe in natu-363 ral populations, it is reasonable to conclude that the organization of the region is not under strong purifying 364 selection in house mice. However, we stress that our study provides limited direct information on the fitness 365 consequences of X-Y exchanges in the PAR in inter-subspecific hybrids. These events are compatible with vi-366 ability through at least the neonatal period (when progeny were sacrificed for genotyping) but details of their 367 effects on male and female fertility are unknown.
368
Our study has several further limitations. First, all of our analyses -whether of array genotypes or whole-369 genome sequence data -are predicated on the representation of the PAR in the mm10 reference genome. The 370 assembly of the PAR has proven difficult because of its repetitive content, and is thus fragmented and incom- suggest that its organization is much more complex than the reference assembly would suggest, but we can say little more than that. Detailed characterization of repetitive loci in mammalian genomes (eg. Soh et al. (2014) ; Tables and data files   829 File S1. Genetic map in the extended pseudoautosomal region. Figure S3 : Discordant mate-pair orientation of reads at the boundary of the PWK/PhJ Y-linked duplication. Copy number (black) and proportion of read pairs aligning in the expected orientation (blue) are shown for 3 cases among N2 males: a non-recombinant PAR (PAE_041_HG_Y_B2); a recombinant PAR (PAE_041_HG_Y_B3); and the individual with de novo copy-number loss (PAE_041_HG_E_518). The de novo deletion is accompanied by loss of the discordant read pairs. 
